Background-The left and right atria have different susceptibilities toward developing arrhythmias, with left atrial arrhythmias more commonly observed. To understand the molecular basis for such differences, we catalogued micro (mi)RNA and mRNA expression differences by next generation sequencing. Methods and Results-Four human left-right atrial pairs were subjected to whole-genome expression analyses via next-generation sequencing of small RNAs, including miRNAs, and poly-A-enriched mRNAs. Using a paired sample design, significant differences in the expression of 32 miRNAs were found in between the left and right atria at a probability value of Ͻ0.01. Hsa-miR-143 was the most highly expressed miRNA in the atria, as quantified by RNA sequencing. There were 746 and 2292 differentially expressed mRNAs between the left and right atria at false discovery rates of Ͻ0.001 and Ͻ0.05, respectively. Transcription factor binding elements within 2 kb of RefSeq genes were determined and specific motifs were identified that were enriched in differentially expressed genes. Similarly, specific miRNA target sequences in 3Ј UTRs were also enriched in differentially expressed genes. In addition, 11 novel noncoding RNAs of unknown function were found to be differentially expressed between the left and right atria. Conclusions-There are significant differences in miRNA and mRNA expression profiles between the left and right atria, which may yield insight into increased the arrhythmogenesis of the left atria. (Circ Cardiovasc Genet. 2012;5:327-335.)
T he electrophysiological properties of the heart are determined by the expression of ion channels, gap junctions and other accessory proteins, for example, the expression of hyperpolarization-activated, cyclic nucleotide-gated ion channels (HCN2, HCN4), which contribute to the pacemaker activity of the sinoatrial node. 1 The molecular basis of some differences in action potentials between the cardiac ventricles, atria, and sinoatrial node have been previously elucidated 2 ; however, left-to-right differences, particularly in the atria, are less well characterized. This is important because the right and left atrium have different susceptibilities toward developing arrhythmias, such as atrial fibrillation (AF). AF is the most common chronic cardiac arrhythmia, and it increases the risk of stroke and mortality in both males and females. 3 Left-to-right asymmetries in potassium channel expression 4 may promote reentry and have a role in the development of AF. 5 Genome-wide association studies have identified some of the genetic factors that are associated with an increased risk of developing AF 6 ; however, the mechanisms by which these genetic factors lead to AF are not currently known. Specifically, the strongest and most widely replicated singlenucleotide polymorphisms (SNPs) associated with AF lie in an intergenic region of chromosome 4q25, which may play an as yet undiscovered role in regulating the expression of nearby genes, such as PITX2, a gene known to be involved in cardiac development and left/right patterning. 7 
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Expression of micro-RNAs (miRNAs) has also been shown to play a crucial role in cardiac development and disease, in part through the attenuation of ion channel expression. 8 miRNAs are RNA polymerase II transcribed noncoding RNAs that bind to target transcripts in a sequence specific manner. This binding results in the repression of translation and can lead to transcript degradation, 9 resulting in lower steady-state mRNA levels. miRNAs have been shown to play an important role in determining the core transcriptional network and thus may play a role in cell type differentiation. 10 miRNAs such as mir-1 modulate a wide array of transcripts important in cardiac function. 11 Previously, many significant left-right differences in mRNA expression were found in mouse atria using microarrays. 12 In the current study, we used next-generation sequencing to establish a comprehensive catalogue of differentially expressed transcripts and miRNAs in the human left and right atria, which can serve as the basis for further investigations into the genetic etiology of AF.
Methods

Tissue Procurement
Surgically obtained left and right atrial appendages were obtained from human subjects at the time of cardiac surgery that involved excision of this tissue. These patients provided informed consent for use of discarded tissue for research. Atrial appendage tissue was also obtained from donor hearts that were not found to be suitable for transplantation in the intended recipient. The donors had died, and the donor's families provided consent for use of the donor tissues for research. The study was performed in concordance with an approved institutional review board protocol. All samples were stored at Ϫ80°C before RNA extraction.
RNA Sequencing for Left-Right Pairs
Total RNA was extracted using QIAGEN miRNeasy Mini Kits from 4 paired 20-mg atrial tissue samples processed simultaneously. mRNA sequencing libraries were made following the Illumina mRNA protocol. Briefly, RNA was purified by poly-A selection using oligo(dT) beads and chemically fragmented. First-and secondstrand cDNA synthesis was followed by end-repair and 3Ј adenylation. 5Ј and 3Ј Illumina adapters were ligated and size-selected using gel purification and PCR amplification. All 8 samples were 50-bp paired-end sequenced on a single flow-cell using the Illumina Genome Analyzer IIx. Using the same total RNA preparations, a small RNA-sequencing (RNA-seq) library was constructed following Illumina's Alternative v1.5 small RNA-seq protocol. Briefly, 5Ј and 3Ј adapters were ligated onto the total RNA and amplified. The cDNA with adapters was size-selected by agarose gel electrophoresis, between 93 and 100 bp, and 36-bp single-end sequencing was performed on all 8 samples on a single flow-cell. RNA reads are deposited in the GEO database, accession GSE31999.
Paired-End Read Analysis
mRNA paired-end reads were aligned using TopHat 13 to the UCSC hg19 build using Reference Sequence (RefSeq) as a guide (ϪG option). Counts at known RefSeq genes were generated from the read alignments using custom Python scripts, where a read and its read pair were only counted once if the read-pairs were mapped to within 6 standard deviations of the average fragment size across reads. Genes with expression lower than 10 or lower reads summed across the samples were thrown out from further analysis. Count data were loaded into the R package edgeR 14 and were normalized between samples using the trimmed mean of M-values (TMM), which calculates the average library size after trimming the top and bottom 5% expressed transcripts, and by trimming the transcripts with the top and bottom 30% log-fold changes. 15 To take into account the left-right paired experimental design, Cox-Reid conditional inference was used to estimate the tagwise dispersion for each of the genes. 14 A modified Fisher t test was then used to determine differential expression between the left and right atria. 14 Probability values were then adjusted by the method of Benjamini-Hochberg 16 to derive false discovery rate (FDRs).
Gene set enrichment was done using the romer function in the R-package limma. romer uses a model that is better suited for microarray data compared with edgeR, which estimates the expression and biological variation from a negative binomial as edgeR does. However, romer was used nonetheless because it accounts for the correlation structure of genes and uses a novel rotation approach for calculating probability values that is applicable to small studies, unlike the permutation approach used in other gene-set methods. A pseudocount was first created by adding 0.5 counts to the counts of each RefSeq transcript. Counts were then converted to reads per kilobase exon model per million mapped reads (RPKM), multiplied by the TMM normalization factor and log base 2-transformed. Gene sets were obtained from Molecular Signature Databases from The Broad Institute. 17 A parametric resampling method for generalized linear models 18 was used to obtain probability values (9999 iterations).
Short Read Analysis
Sequenced reads from the small RNA libraries were first collapsed down to redundant reads while preserving count information, followed by removal of adapter sequence at the 3Ј end using FastXToolkit (http://hannonlab.cshl.edu/fastx_toolkit/). Reads were then aligned to mirBase release 17 using bowtie 19 with the Ϫv option set to 1, allowing for 1 mismatch per read. Reads were then collapsed to the mature sequence using a custom Python script. This was done because the mature sequence is too short to align to; in addition, we could easily quantify cis expression from the hairpin alignments. Data were loaded into edgeR and normalized using the TMM method described above. Differential expression was calculated in a method similar to differential analysis for the mRNA-seq data.
Reverse Transcriptase-Polymerase Chain Reaction
A custom-designed Taqman-primer and probe set was used for quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) of the PITX2c transcript (online-only Data Supplement Table I ), normalized to cardiac actin (ACTC1) expression using a primer limited probe set (assay number Hs00606316_m1 from Applied Biosystems). RT-PCR reactions were run in duplex and relative PITX2c expression was calculated by the ⌬⌬CT method.
Results
RNA-Seq of Left-Right Atrial Appendages
Left-right atrial appendage pairs were obtained from 4 human subjects, 3 of whom underwent bilateral Maze surgery for the treatment of atrial fibrillation and valve disease, whereas the fourth pair of atrial appendages was obtained postmortem from an unused heart transplant donor. Online-only Data Supplement Table II describes the characteristics of these subjects. Total RNA was extracted from all samples. To determine left-right atrial gene expression differences, wholegenome expression analysis of RNA samples was performed using RNA sequencing for both the small RNA fraction containing miRNAs (36 bp single-end sequencing) and the poly-A enriched mRNA fraction (51-bp paired-end sequencing). miRNA-seq yielded between 7.7 and 17.1 million reads per sample that mapped to known miRNAs in miRBase. 20 mRNA-seq yielded between 16.3 and 29.9 million reads per sample that mapped to known Reference Sequence (RefSeq) transcripts; all mapped reads were collapsed to their unique RefSeq transcript regardless of potential splice isoforms to obtain digital counts. The full summary statistics of the sequencing results are described in online-only Data Supplement Tables III and IV. 
miRNA Gene Expression Differences Between the Left and the Right Atria
After trimming the Illumina adapters from the miRNA reads, the majority of the reads were distributed around 22 bp ( Figure 1 ). Of the total number of reads, 24.5Ϯ5.7% (meanϮSD) mapped uniquely to known miRNAs (miRBase release 17). In addition, many sequences that mapped to more than 1 genomic locus represent valid miRNAs, as determined by alignment to the hairpin premiRNA, which were collapsed into unique mature miRNAs, such that the majority of 22 bp reads that were multiple-mapped were in fact miRNAs.
Overall for the 8 samples, 39Ϯ8% of the total reads were mapped to miRNAs (online-only Data Supplement Table III) . Most of longer 36-bp reads that did not read into the Illumina adapters mapped to annotated tRNAs and rRNAs. The most highly expressed miRNA in the atria was mir-143, which represented, on average, 32.7Ϯ1.5% and 26.7Ϯ1.8% of all mapped reads in the left and right atria, respectively (onlineonly Data Supplement Table V ). The miRNA dataset was subjected to multidimension scaling ( Figure 2A) showing that left-right sidedness is measurably associated with the miRNA transcriptome. Using a generalized liner model in edgeR software 14 to fit the pair-wise data followed by removal of miRNAs whose average expression over the total library size in the left and right atria fell below 7.63ϫ10 Ϫ06 , 32 miRNAs were differentially expressed between the left and right atria at a probability value Յ0.01 and an FDR Ͻ0.08 (Table 1) . Of the top 32 differentially expressed miRNAs, 18 were expressed more so in the left atria than in the right. For example, has-mir-135b had 4.9-fold higher expression in the right versus left side (FDRϭ4.02ϫ10 Ϫ5 ). In contrast, has-mir-100 had 3.2-fold higher expression in the left side (FDRϭ5.91ϫ10 Ϫ9 ).
mRNA Gene Expression Differences Between the Left and the Right Atria
The majority of mRNA reads mapped to the human reference genome hg19 (85Ϯ6.2%) and more specifically to known RefSeq genes (67.7Ϯ10.6%). A multidimension scaling plot of the transcripts showed separation between the left and right atria in dimension 1 ( Figure 2B ); 746 genes were called differentially expressed between the left and right atria at the stringent FDR of 0.001, with 305 genes overexpressed in the left atria and 441 genes overexpressed in the right atria. The top 20 differentially expressed genes ranked by probability value are shown in Table 2 . PITX2 had 116-fold higher expression in the left versus right atria with the 3 rd most significant probability value (Pϭ8.72ϫ10 Ϫ68 ), accounting for 0.0032% of reads mapping to the transcriptome in the left atria, without appreciable expression in right atrial samples (Figure 3 ). Of the 6 RefSeq annotated PITX2 RNA isoforms, only those specific to PITX2c isoform were found (onlineonly Data Supplement Figure I ), although 3Ј library generation bias might underrepresent expression of other transcripts.
To validate the PITX2 sequence results, we performed an internally normalized quantitative RT-PCR using a TaqMan expression assay specific for PITX2c on 19 additional leftright atrial pairs (17 surgical samples and 2 unused donor hearts). PITX2c was expressed 232Ϯ165-fold (meanϮSD) higher in the left versus the right atria, confirming the RNA-seq results. In contrast, HAMP, encoding hepcidin antimicrobial protein, was expressed Ϸ121-fold higher in the right versus left atria ( Figure 3 ). BMP10, a gene known to be downregulated by PITX2c, 21 had Ϸ282-fold higher expression in the right atria (Table 2) . Two cardiomyocyte-specific transcripts were differentially expressed among the top 25 significant genes: MYL2, a slow cardiac myosin regulatory light chain, was expressed 10-fold higher in the left atria (Pϭ5.11ϫ10 Ϫ33 ), and HCN4, a pacemaker ion-channel, was expressed Ͼ7-fold higher in the right atria (Pϭ1.28ϫ10 Ϫ24 ). To better characterize the differences between the left and right atria, gene set enrichment was performed using the molecular signatures database (MSigDB) from The Broad Institute, 17 and testing was done with the competitive gene set test function romer from the limma R-package. 18, 22 Various genes relating to the Gene Ontology (GO) term signal transduction and transcription were significantly upregulated in the right atria compared with the left. For example, of the 1391 atrial-expressed RefSeq genes belonging to the signal transduction pathway, 205 had higher expression in the right atria in our prior pairwise edgeR analysis and 94 in the left, Table VI ). The mitochondrion is an example of a GO term gene set that was enriched in genes that were more highly expressed in the left atria (Pϭ0.0001). Various additional GO sets relating to the mitochondria were significantly enriched in the left atria, including components of the NADH dehydrogenase chain, mitochondrial matrix, and mitochondrial ribosomal complex (data not shown). Using gene sets generated from shared conserved cisregulatory motifs from the transcription factor targets (C3_TFT) database of MSigDB, 23 genes containing or adjacent to several transcription factor binding motifs, or conserved motifs not yet associated with a specific transcription factor, were found to be enriched in right or left atria expression. Table 3 shows the list of 21 and 16 motifs that were associated with gene sets enriched in the right and left atria, respectively (at Pϭ0.0001, with at least 5 genes enriched in 1 side). For example, 163 atrial-expressed RefSeq genes were close to a p300 binding element and this set of genes was expressed at significantly higher levels in the right versus left atria (Pϭ0.0001 by resampling analysis). We compared this atrial-expressed p300 motif-containing gene set with our prior pairwise edgeR analysis of differentially expressed genes and found that of these 163 genes, 25 genes were more highly expressed in the right atria, versus 7 genes in the left atria.
We repeated this analysis using shared conserved miRNA binding motifs in the 3Ј UTR of atrial expressed genes. We found 16 and 1 miRNA motif gene sets that were expressed higher in the right and left atria, respectively (Pϭ0.0001, with at least 5 genes enriched in 1 side, Table 4 ). For example, 165 atrial-expressed genes contained an miR-133a binding site in their 3Ј UTRs, and this set of genes was expressed significantly higher in the right versus left atria (Pϭ0.0001 by resampling analysis). This corresponds well with the observed higher expression of mir133a in the left versus right atria (1.63-fold difference, Table 1 ), leading to decreased expression of its mRNA target genes, resulting in a higher right-sided expression for these targets. We examined AF and PR interval (the time difference between sinus atrial node firing and atrioventricular node firing measured by ECG) genome-wide association study hits and found 3 adjacent coding genes, PITX2, SULF2, and WNT11, that had significant left-right atrial gene expression differences (online-only Data Supplement Table VII), suggesting that these genes may play a functional role in AF pathogenesis.
Left-Right Expression Differences in Poorly Annotated Transcripts
Cufflinks 24 was used to assemble transcripts from aligned sequencing reads to identify potentially novel transcripts; 521 transcripts were found to be differentially expressed that were either classified as novel or considered a novel processed transcript by the Ensembl database (release number 61). After manual curation to filter out alternative splice variants of known genes and very lowly expressed transcripts (ie, that were expressed below 5 fragments per kilobase of the transcript per million mapped reads of the transcriptome), 13 novel transcripts, ranging from 2 to 4 exons, were found to be differentially expressed that were not found in the Ensembl annotation, all of which appear to function as noncoding RNAs based on in silico analysis. As a check to ensure that Inclusion in this table was performed by filtering gene sets that contained at least 5 genes that were significantly upregulated in the right or left atria and by having the minimum P value (10 Ϫ4 ) under the model-free hypothesis including all genes near the specified DNA element.
*Number of genes from the gene set that are contained within those found to be expressed significantly higher in the left or right atria via edgeR analysis (false discovery rate Ͻ0.05), not including those with moderate expression bias. Gene sets were filtered to include only those that contained at least 5 that were significantly upregulated in the right or left atria and by having the minimum P value (10 Ϫ4 ) under the model-free hypothesis. *Number of genes from the gene set that are contained within those found to be expressed higher in the left or right atria via edgeR analysis (false discovery rate Ͻ0.05).
the transcripts did not arise due to misalignment of sequencing reads, 11 of the novel transcripts had 95% to 100% of the sequencing reads mapping uniquely to the genome in an exon contiguous fashion using BLAT 25 (Table 5) , with the other 2 mapping to multiple sites. The most significantly differentially expressed novel transcript (PϽ10 Ϫ16 ) is adjacent to the TBX5 gene, a heart-specific transcription factor.
To determine if the one atrial donor sample (No. 3) significantly affected the results, we repeated the analysis after removing this sample. The top differentially expressed miRNAs, mRNAs, and noncoding RNAs were largely conserved (online-only Data Supplement Tables VIII through X).
Discussion
We found large differences in miRNA and mRNA expression levels between the left and the right atria in our genome-wide analysis of total RNA expression, including the well-known left-right patterning genes PITX2 and BMP10. Of the 17 named genes in our top 20 differentially expressed transcripts (Table 2) , 6 have recently been validated to be differentially expressed by microarray and/or RT-PCR in the same direction in either mouse and/or human atria, including the top 3 transcripts, HAMP, BMP10, and PITX2. 26 Several novel noncoding messenger RNAs were asymmetrically expressed as well. These data suggest that the left and the right atria have significantly different gene expression profiles, which may have electrophysiological and pathophysiological consequences. Although a limitation of this study is the combination of diseased and nondiseased subjects, our results were largely conserved after elimination of the normal donor (online-only Data Supplement Tables VIII through X). Differences in transcription between AF and non-AF in the left atria are of great interest, but we were not powered to detect these differences.
The top locus associated with AF maps to an intergenic region on chromosome 4q25, and PITX2 is the closest adjacent gene. Previous work in humans has shown that PITX2c is expressed primarily in the left atria. 26, 27 We confirmed this result and found practically no PITX2c expression in the right atria, nor did we detect expression of any other PITX2 isoform in the left atria. Kirchhof et al 12 reported that Pitx2c was the only isoform expressed in mouse atria and that it was expressed only in the left atria, agreeing with our data in humans. However, a prior study in humans detected multiple isoforms of PITX2 in both atria using RTquantitative PCR. 28 RNA-seq has been reported to be more reliable for low-abundance transcripts compared with quantitative RT-PCR 29 ; although our finding of no other PITX2 isoforms may be due to insufficient read coverage to detect transcripts expressed at Ͻ10 mRNA copies per million mRNA molecules. In contrast to PITX2c, BMP10, a transcript known to be directly repressed by PITX2, was expressed only in the right atria agreeing with recently published data. 26 PITX2 has been reported to repress the expression of hasmir-1 to 1, 27 although our sample size is small we observed a trend for an inverse correlation between PITX2 expression and has-mir-1 to 1 expression in the left atria (rϭϪ0.84, Pϭ0.099). However, SHOX2, TBX3, and NKX2-5, other atrial expressed genes known to be regulated by PITX2c, 28, 30 showed no difference in expression levels between the left and the right atria (data not shown). PITX2 expression is high throughout the left atria just after birth in mice, but it is only expressed in a small subset of left atrial cells in adult mice. 28 We speculate that developmental epigenetic influences or other overriding transcription factors might also regulate SHOX2, TBX3, and NKX2-5 expression in the adult atria diminishing the effect of PITX2. Although PITX2c is expressed only at low levels in these adult samples, the differential expression of PITX2c and BMP10 reported here suggests that in adults these factors may play a continuing role, potentially in the pathogenesis of AF.
In addition to genes with well-known roles in cardiac physiology, we found that the HAMP gene was expressed exclusively in the right atria. HAMP encodes hepcidin antimicrobial protein, a protein that is mainly produced by the liver and that controls iron absorption in the intestine. Mutations in HAMP cause hemochromatosis type 2B, leading to iron overload in many organ systems. Furthermore, hemochromatosis type 2B often presents with cardiomyopathy, heart failure, and/or major arrhythmias which are a prominent 
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cause of death in the absence of treatment, suggesting that HAMP may have a local role in iron regulation in the heart. 31 hsa-miR-143 was the most abundantly expressed miRNA in human atria in our analysis, accounting for Ϸ30% of all mapped miRNAs reads in the atria. However, it was previously reported, by sequencing a library of cloned miRNA cDNAs, that the most abundant miRNA expressed in the mouse heart is mir-1, accounting for 45% of miRNA expression. 32 There are several potential explanations for this discrepancy. First, we specifically looked at miRNA expression in the atria and not the whole heart, and it has been shown that the atria and ventricles have vastly different expression profiles. 33 Second, miRNA expression in the heart may not be conserved across species; for example, cardiac p300 binding site enhancer regions are weakly conserved between mice and humans. 34 The high expression level of miR-143 in the atria is concordant with its role in development in mice, where it has been shown to play a critical role in the formation of the outflow tract by repressing KLF4 and promoting differentiation. 35 Recent work in zebrafish has shown that mir-143 expression during cardiogenesis is dependent on the beating of the heart; although mir-143 is not expressed in zebrafish atria but rather in the outflow tract and ventricles. 36 mir-143 has also been shown to be critical for cardiac chamber formation through the direct repression of adducin3, an F-actin capping protein in zebrafish. 37 We found increased expression of mir-133 in the left atria and a corresponding decrease in gene expression of mir-133 targets in the left atria. mir-133 specifies a cardiac progenitor lineage by preventing the expression of nonmuscle genes, but it also inhibits further differentiation into cardiomyocytes, 38, 39 which may suggest a more progenitor like state of the left atria when compared with the right atria.
Polyadenlyated long intergenic noncoding RNAs (lincRNAs) have been shown to regulate gene expression in trans by acting as scaffolds for chromatin modifying proteins such as the polycomb repressor complex 2 (PRC2), which regulate gene expression via histone modification. 40 siRNAmediated downregulation of specific PRC2-associated lincRNAs, such as HOTAIR, leads to the upregulation of a specific set of Ϸ100 to 300 PRC2 repressed genes. We found a conserved lincRNA that was differentially expressed between the left and right atria located 47 kb upstream the gene encoding transcription factor TBX5. There are 2 SNPs near TBX5 associated with PR interval, 41 which may be relevant to AF pathogenesis. We speculate that the lincRNA adjacent to TBX5 may also be regulated by these SNPs, altering expression of downstream genes through chromatin remodeling. We found that many lincRNAs were expressed in the heart, suggesting the potential for widespread cardiac regulation of gene expression by these noncoding RNAs.
Conclusions
RNA sequencing provides a comprehensive assessment of gene expression, using a method that is more sensitive for lowly expressed transcripts than microarrays. 42 Using RNA sequencing, we demonstrated signatures of miRNA and mRNA gene expression that distinguish human left atria from right atria. In addition we identified expression differences for transcripts that have not been annotated and are not present on microarrays. This catalog of left and right atrial gene expression should be useful for the functional determination of how SNPs associated with AF actually increase AF susceptibility.
